TiO 2 and TiO 2 /sericite photocatalysts were successfully synthesized via the sol-gel method by adding a varying amount of acetic acid. The effect of acetic acid on TiO 2 and TiO 2 /sericite photocatalysts was studied. The crystallite size, surface morphology, chemical composition, specific surface area, surficial functional groups, and light absorbance of the prepared photocatalysts were revealed by the analysis of X-ray diffraction (XRD), scanning electron microscope-energy dispersive spectrometry (SEM-EDS), nitrogen adsorption-desorption isotherms by using BET theory (Brunauer-Emmett-Teller), Fourier-transform infrared spectroscopy (FTIR), and UV-Vis absorption spectrometry. Photo-energy conversion of methanol to hydrogen was also conducted over the prepared photocatalysts. The best hydrogen production was achieved by using the TiO 2 /sericite photocatalyst to give a hydrogen production rate of 1424 µmol/g·h in 6 h of UV-light irradiation.
Introduction
Current energy consumption primarily relies on fossil fuels. Most fossil fuels are limited and generate significant pollution during use, leading to a severe impact on the environment and natural ecology [1, 2] . In order to mitigate the impact, hydrogen is regarded as a potential alternative energy because it is environmentally friendly and recyclable. There are many methods to produce hydrogen, including steam reforming [3, 4] , thermochemical process [5] , and water electrolysis [6] . However, they all require a large amount of energy, which is usually generated from fossil fuels [7] , which contradicts the original intent to use hydrogen as a carrier of clean energy. Therefore, to make hydrogen genuinely clean, the driving force to produce hydrogen should be a renewable energy source, such as photo-energy.
Photocatalytic hydrogen production is a promising method which can convert photo-energy into hydrogen energy [8] . For example, photocatalytic water splitting [9] and photocatalytic reforming [10] of organic substances can both produce hydrogen via photocatalysts under light irradiation. In general, the photocatalysis reaction includes three steps [11] . Firstly, the light is absorbed, resulting in generating excited charge carriers, such as electrons and holes. Secondly, the charge carrier is separated and migrates to the surface of photocatalysts. Finally, surface redox reactions occur, which are caused by electrons and holes, respectively. For a photocatalytic water splitting reaction, electrons can reduce (Germany), was used as a reference photocatalyst. Methanol (CH 3 OH, ≥99.99%) was purchased from Fisher Chemical (Fair Lawn, NJ, USA) for the evaluation of photo-energy conversion of methanol to hydrogen.
The synthesis of the photocatalyst was carried out by employing the sol-gel method. The procedures were as follows. First, 3.2 g ST-3000 sericite was dispersed in 200 mL C 3 H 7 OH under continuous magnetic stirring in a 250 mL beaker, followed by addition of a specific amount (0, 1, 5, 10 mL) of CH 3 COOH. Then, 5 mL C 12 H 28 O 4 Ti was added dropwise into the suspensions. The mixtures were continuously stirred at 700 rpm, and the relative humidity was controlled at 70-80%. After 12 h stirring, the gel product was formed due to the hydrolysis reaction of C 12 H 28 O 4 Ti. Subsequently, the gel was dried at 80 • C in an oven for 2 h. The resulting samples were ground and further calcined by using a furnace with the heating ramp rate of 5 • C/min, and the calcination temperature was set at 500 • C for 2 h. Finally, the powder forms of photocatalysts were obtained. The molecular ratio of TiO 2 /sericite was controlled at 2 for each TiO 2 /sericite photocatalyst. In order to verify the effect of the ST-3000 sericite addition, the TiO 2 photocatalysts without loading onto the ST-3000 were also prepared for comparison. All samples are designated and shown in Table 1 . The crystal phases of TiO 2 photocatalysts were analyzed by Bruker D8 advance X-ray diffractometer (XRD, Bruker, Billerica, MA, USA). The detected angular range (2θ) was 10 •~7 0 • at a scan rate of 4 • /min. The wavelength of CuKα radiation is 0.15406 nm. The working voltage and current were set at 40 kV and 40 mA, respectively. The crystallite sizes were calculated by Scherrer's equation. The Fourier transform infrared spectroscopy (FTIR, Thermo Fisher Scientific, Waltham, MA, USA) of the prepared photocatalysts was characterized by NICOLET 380 to observe an infrared spectrum of absorption of the solid samples. In order to observe the morphologies and chemical compositions of TiO 2 photocatalysts, scanning electron microscopy equipped with energy dispersive spectroscopes (SEM-EDS, Thermo Fisher Scientific, Waltham, MA, USA) was performed on a Phenom ProX. In addition, BET analysis (ASAP 2020 PLUS, (Micromeritics, Norcross (Atlanta), GA, USA) was conducted for measuring the specific surface area of the photocatalysts. UV-Vis diffuse reflectance spectra (UV-Vis, Chiyoda, Tokyo, Japan) of prepared samples were measured by a HITACHI U-2910 equipped with an integrating sphere assembly.
The performances of photo-energy conversion of methanol to hydrogen using various TiO 2 photocatalysts as well as commercial P25 were evaluated. The photoreactor was made of quartz, allowing UV light to pass through. Deionized pure water (DI-water) was used in this study. In the beginning, 90 mL DI water and 10 mL CH 3 OH were mixed in the photoreactor, followed by the addition of 0.1 g photocatalyst powder. The mixtures were homogeneous suspensions under continuous magnetic stirring. Before conducting photocatalysis, ultrapure helium gas (He, >99.995%) was introduced to purge the suspensions to ensure that no air remained inside the photoreactor. During the reaction, the suspensions were irradiated by a 200 W UV lamp with light flux of 3.2 mW/cm 2 at a wavelength of 365 nm to provide the photo-energy. The produced hydrogen was sampled every hour by using a 30 µL syringe. The sampling gas was injected into a GC analyzer (China GC-2000, Taipei, Taiwan) equipped with a thermal conductive detector (TCD). The 3.5 m long molecular sieve 5A packed column was selected, and the carrier gas for GC was ultrapure helium.
Results
The crystalline phases of the prepared TiO 2 and TiO 2 /sericite series photocatalysts are presented in Figure 1a ,b, respectively. For TiO 2 series photocatalysts, the specific diffraction peaks in Figure 1a indicated the crystalline nature of anatase TiO 2 , referring to the database of the PDF card 78-2486. On the other hand, the bare sericite revealed its diffraction spectra with characteristic peaks, as shown in Figure 1b . With the TiO 2 loaded onto the sericite, diffraction peaks of anatase TiO 2 and sericite appeared together. Apparently, the signals of sericite were decreased for the cases of TiO 2 /sericite photocatalysts due to the TiO 2 coverage on sericite, and the TiO 2 still exhibited the crystalline phase of anatase, even though they were loaded on sericite. It is interesting to note that the anatase (~25.4 • ) intensity of TS, 1A-TS, 5A-TS, and 10A-TS were similar.
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Li et al. also demonstrated that acetic acid may decrease the surface free energy and form Ti-acetate coordination with a Ti precursor, facilitating the crystallization and transformation [32] . For the TiO2/sericite photocatalysts, the hydrolysis reaction occurred mainly on the surface of sericite, as shown in Figure 6 . Therefore, the crystallite sizes did not change apparently because the sericite effect dominated. The acetic acid was involved in the preparing process, and helped the Ti(OH)x distribute on the sericite and generate a smooth and continuous surface. The mechanisms described herein are proposed on the basis of the crystallite sizes obtained via XRD, the morphologies and Ti(%) observed by SEM-EDS, and the OH group information provided by the FTIR spectra. Figure 7 shows the UV-Vis absorption spectra and the Tauc plot of the TiO 2 photocatalysts (T and 10A-T) and TiO 2 /sericite photocatalysts (TS and 10A-TS). The observing wavelength range of the spectra was between 200 nm to 800 nm. Barium sulfate (BaSO 4 ) was employed as the baseline. There was no apparent absorbance of light above 350 nm for pure sericite. The UV-Vis absorption spectra of the prepared photocatalysts had a blue shift relative to the addition of acetic acid and sericite. The approximate band gaps of photocatalysts were calculated from UV-Vis spectra by using the following equation:
where E bg (eV) is the band gap of the photocatalyst and λ is the wavelength (nm) of light. Accordingly, the band gaps of the T, 10A-T, TS, and 10A-TS photocatalysts were 2.96 eV, 2.97 eV, 3.03 eV, and 3.10 eV, respectively. Nano-sized crystal cause the band gap to become more extensive due to the quantum effect [33] or scattering effect [34] . As the crystalline sizes decreased, the band gaps became larger. Notably, when the TiO 2 was loaded onto sericite, a blue shift occurred due to the quantum effect. The crystalline sizes of TiO 2 /sericite ranged from 10.6-11.2 nm. Figure 7 shows the UV-Vis absorption spectra and the Tauc plot of the TiO2 photocatalysts (T and 10A-T) and TiO2/sericite photocatalysts (TS and 10A-TS). The observing wavelength range of the spectra was between 200 nm to 800 nm. Barium sulfate (BaSO4) was employed as the baseline. There was no apparent absorbance of light above 350 nm for pure sericite. The UV-Vis absorption spectra of the prepared photocatalysts had a blue shift relative to the addition of acetic acid and sericite. The approximate band gaps of photocatalysts were calculated from UV-Vis spectra by using the following equation:
1240 (2) where Ebg (eV) is the band gap of the photocatalyst and λ is the wavelength (nm) of light. Accordingly, the band gaps of the T, 10A-T, TS, and 10A-TS photocatalysts were 2.96 eV, 2.97 eV, 3.03 eV, and 3.10 eV, respectively. Nano-sized crystal cause the band gap to become more extensive due to the quantum effect [33] or scattering effect [34] . As the crystalline sizes decreased, the band gaps became larger. Notably, when the TiO2 was loaded onto sericite, a blue shift occurred due to the quantum effect. The crystalline sizes of TiO2/sericite ranged from 10.6-11.2 nm. The efficiency of the photo-energy conversion of methanol to hydrogen by using different catalysts were evaluated. Blank experiments were also conducted, including a photoreaction without adding photocatalysts and a dark reaction using the 10-TS photocatalyst. Both blank experiments did not generate hydrogen in 6 h. The average hydrogen production rates with 10 vol.% CH3OH in 6 h photocatalysis reaction are shown in Figure 8 . For the TiO2 photocatalysts (T and 10A-T), similar performance of hydrogen production was achieved, although the specific surface area of 10A-T was much higher than that of T. This might result from the fact that the crystalline size of 10A-T was smaller than that of T, leading to higher possibility of the boundary recombination of electrons and holes within the TiO2 blocks [35, 36] . The benefit of a larger specific surface area of 10A-T was compensated by its higher chance of boundary recombination. On the contrary, 10A-TS had the The efficiency of the photo-energy conversion of methanol to hydrogen by using different catalysts were evaluated. Blank experiments were also conducted, including a photoreaction without adding photocatalysts and a dark reaction using the 10-TS photocatalyst. Both blank experiments did not generate hydrogen in 6 h. The average hydrogen production rates with 10 vol.% CH 3 OH in 6 h photocatalysis reaction are shown in Figure 8 . For the TiO 2 photocatalysts (T and 10A-T), similar performance of hydrogen production was achieved, although the specific surface area of 10A-T was much higher than that of T. This might result from the fact that the crystalline size of 10A-T was smaller than that of T, leading to higher possibility of the boundary recombination of electrons and holes within the TiO 2 blocks [35, 36] . The benefit of a larger specific surface area of 10A-T was compensated by its higher chance of boundary recombination. On the contrary, 10A-TS had the highest performance because the excellent dispersion of TiO 2 on sericite made the distance of charge carrier transfer shorter. However, the performance of sample TS was lower than that of T, 10A-T, and 10A-TS, resulting from two facts: (1) the TiO 2 amount of TS was lower than that of T or 10A-T because TS included sericite which is not photoreactive; (2) TiO 2 was nonuniformly dispersed on the surface of sericite, leading to increased possibility of recombination of electrons and holes. In this study, the photo-energy reaction from methanol to hydrogen of commercial P25 was also conducted. All of the as-prepared photocatalysts had much higher performance than P25, indicating their potential as photocatalysts to replace P25. The best hydrogen production rate was achieved by the TiO 2 /sericite photocatalyst with a hydrogen production rate of 1424 µmol/g·h in 6 h of UV-light irradiation. Although the conditions for conducting experiments (including power intensity and wavelength of UV-light, ethanol concentration, and the design of photocatalysts) are different, it is worth comparing the hydrogen production in terms of the hydrogen rate in the literature. Table 3 summarizes the recent photo-activity performance in the presence of CH3OH. So far, although many efforts have been to promote the photo-energy conversion of methanol to hydrogen, this approach still faces several challenges. Therefore, we focus on the following goals: (1) to develop more efficient photocatalysts (a visible optical absorption band, a lower recombination rate of e − /h + pairs); (2) to elucidate the relationship between the structural architecture and the photocatalytic performance [37] . Hg-Xe lamp (500 W) Although the conditions for conducting experiments (including power intensity and wavelength of UV-light, ethanol concentration, and the design of photocatalysts) are different, it is worth comparing the hydrogen production in terms of the hydrogen rate in the literature. Table 3 summarizes the recent photo-activity performance in the presence of CH 3 OH. So far, although many efforts have been to promote the photo-energy conversion of methanol to hydrogen, this approach still faces several challenges. Therefore, we focus on the following goals: (1) to develop more efficient photocatalysts (a visible optical absorption band, a lower recombination rate of e − /h + pairs); (2) to elucidate the relationship between the structural architecture and the photocatalytic performance [37] . 
Conclusions
In this study, TiO 2 -loaded sericite photocatalysts were successfully synthesized. The addition of acetic acid can decrease the reaction rate of hydrolysis, leading to different mechanisms for the cases with and without sericite as support. Without sericite, the crystalline size of TiO 2 decreases with increasing addition of acetic acid due to stereoscopic hindrance. Although the 10A-T photocatalyst had a higher specific surface area, its numerous boundary crystals increased the possibility of charge carrier recombination, leading to a similar photocatalytic performance to sample T. On the other hand, the condensation reaction mainly occurred on the surface of sericite, resulting in similar crystalline sizes between the TS and 10A-TS photocatalysts. The presence of acetic acid assisted the uniform deposition of TiO 2 on the sericite. Although the crystalline size of the 10A-TS photocatalyst was smaller than that of the 10A-T photocatalyst, the well-dispersed TiO 2 thin film caused the easy transfer of charge carriers to the surface to undergo chemical reaction.
To sum up, the as-prepared TiO 2 and TiO 2 /sericite photocatalysts showed better performances than the commercial P25 catalyst. The best hydrogen production in the photo-energy conversion of methanol to hydrogen was achieved by using the 10A-TS photocatalyst (TiO 2 coated on sericite), yielding a hydrogen production rate of 1424 µmol/g·h in 6 h of UV irradiation. It is vital to note that although many efforts have been made for promoting the photo-energy conversion of methanol to hydrogen, their efficiencies were still too low for practical application. Therefore, efforts shall be made for the continuous improvement of the photocatalytic activity.
